A 6-hour application (6-hour pulse) of 1 millimolar azide significantly changed the phase of the potassium uptake rhythm of Lemna gibba G3.
The phase as well as the period is an important parameter of overt circadian rhythms, since it directly reflects the movement ofthe basic oscillator (master clock) involved (1) . Effects of pulse administration of chemicals on the phase had been investigated to elucidate biochemical reaction(s) important for the oscillator (6) . In the early stages of investigation, few metabolic inhibitors had been effective on the phase of the rhythm (4). However, recently, some respiratory inhibitors have been reported to be effective on the phase of the circadian rhythm (5, 13) .
Duckweed, Lemna gibba G3, cultured on continuously refreshed medium displays an obvious circadian rhythm in its potassium uptake activity (10) . As Lemna is an aquatic floating plant, we can administer chemicals quantitatively and remove them without disturbing the rhythm. Therefore, we have examined the action of several typical metabolic inhibitors on this rhythm, and found that azide is as effective as darkness or low temperature pulses in evoking phase shifts.
MATERIALS AND METHODS Duckweed Cultures. Aseptic stock cultures of the LD duckweed Lemna gibba G3 were started from a single four-frond colony in 100 ml of M medium supplemented with 1% sucrose (8) in 200-ml Erlenmeyer flasks. To prevent floral induction, the cultures were exposed to a SD condition (9 h previously (16) . Duckweed (about 0.3 g fresh weight/chamber) from the stock cultures was transplanted to M/I 00 medium (see below) in the FMC chambers at 18:00 JST; i.e. at the end of the light period ofthe last SD. Unless otherwise stated, 1/100 strength M medium without sucrose at pH 5 (abbreviated to M/100 medium) was pumped into the culture chambers at a constant rate; usually 5 ml/h. Used medium from the chamber was collected hourly by means of a fraction collector. Culture temperature was 26'C, unless otherwise noted.
Estimation of the Potassium Uptake Activity and Peak Position. The difference in potassium content between the used and fresh medium was considered as the amount of potassium taken up by the whole culture in the FMC chamber. The potassium content was estimated with an atomic absorption spectrophotometer (Perkin Elmer 603) and the potassium uptake per hour was automatically input into a microcomputer (Hewlett Packard 9825). About 25 measurements around a roughly estimated, presumptive peak position of the rhythm were subjected to the analysis of multiple-regression of the uptake (Y) on the time (t), Y = A cos(27rt/T + P) + Bt + C, to obtain the most reasonable amplitude (A), linear component (B), mean level of uptake (C), period ( T), and initial phase (P). The peak position was then calculated using these parameters. The deviation of the actual from theoretical uptake was always less than a few percent of the actual uptake.
Pulse Treatment. Chemicals were dissolved in M/100 medium, and the pH of the solution was adjusted to 5, if necessary. For the pulse application, the inlet channel of the FMC chamber was switched from M/100 medium to a solution of the chemical for designated period. Both at the beginning and at the end of the pulse, the flow rate was increased to 120 ml/h for 10 min to hasten the replacement of medium.
Monitoring of Carbon Dioxide Uptake and Release. M/100 medium was pumped into an enlarged FMC chamber (with an area four times larger than that of the standard chamber and containing 1 to 2 g fresh weight of the duckweed) at 20 ml/h under the same conditions as the standard FMC. Air was washed and pumped into the chamber at 0.2 1/min. The used air was introduced into an IR analyzer (Horiba, VIA 300) through a valving system controlled by a microcomputer (APPLE II, Apple Computer Inc.) which allowed alternate samplings of the used air and the control air. The difference in CO2 content between the used and the control air, an index of CO2 uptake and release by the duckweed, was calculated and stored in the microcomputer. CO2 uptake under illuminated conditions indicates rate of photosynthesis minus respiration and its release in darkness indicates respiratory activity. given to the FMC of the duckweed: 6-h pulse of 0.03 mm azide (A); 6-h pulse of 0.1 mM azide (0); 6-h pulse of 1 mM azide (0); 3-h pulse of I mM azide (A ); 9-h pulse of 1 mM azide (0); and 6-pulse of I mM azide at pH I1 (E). Phase shifts were calculated by comparing peaks ofthe experimental and control rhythm during the fourth cycle (the control rhythm attained its fourth peak at 98 h of the LL). The abscissa indicates the midpoint of the pulse in CT scale. CT 0 of the left abscissa corresponded to hour 24 of the LL (subjective dawn). Azide (mM) FIG. 2. Phase shifts in the potassium uptake rhythm caused by a 6-h pulse with azide at various concentrations. A 6-h pulse of azide at designated concentrations (abscissa) was given from hour 27 to 33 (CT 3-9, 0) and from hour 33 to 39 (CT 9-15, 0) of the LL. Phase shifts caused by the pulses (means of two or three experiments) are shown.
RESULTS
Phase Response of the Potassium Uptake Rhythm to Azide Pulse. Azide (1 mM) applied for 6 h at various times of day promptly decreased potassium uptake activity, which, however, recovered as soon as azide was removed (data not shown). The phase of the recovered rhythm clearly shifted as shown in Figure  1 . The PRC with respect to a 6-h pulse with 1 mM azide represented a typical 'type 0' (17) PRC which had a distinct breakpoint or discontinuity from phase delay to advance at CT 9-12. The maximum phase delay and advance were 6 and 8 h, respectively. On the other hand, lowered concentrations of azide (0.03 or 0.1 mM) made the breakpoint indistinct ('type 1' PRC). Figure 1 also shows that the action of the azide on the phase was almost completely nullified at elevated pH (pH 1 1; elevation of pH to 11 itself little affected the potassium uptake activity). This indicates that the active form of azide is undissociated acid, as is widely accepted (7) .
Dependence of Phase Shift on Azide Concentration. Both the phase advance and delay caused by a 6-h pulse of azide was increased as the azide concentration was elevated until the effect was saturated at about 0.3 mm (Fig. 2) .
Effects of Azide on the Potassium Uptake Rhythm. Azide was continuously applied to the duckweed to estimate its action on the potassium uptake activity, the amplitude and the period of the rhythm (Fig. 3) . Even at I gM, azide lowered potassium uptake activity slightly. Note that 3 ,M azide significantly lowered the amplitude of the rhythm leaving the nonrhythmic fraction of the uptake almost unchanged. In the presence of 10 Mm azide, no potassium uptake was observed. Thus, azide was 100 times as effective as cyanide, 1 mm of which nullified all the potassium uptake activity (11) . In addition, the free-running period was little changed by continuous application of 1 or 3 gM azide.
Effects of Azide on the Carbon Dioxide Uptake and Release. To verify the action of azide pulses, their effects on CO2 release and uptake by the duckweed were monitored (Fig. 4) . In darkness, CO2 release represents respiratory activity and CO2 uptake under illuminated conditions measures the rate of photosynthesis minus respiration. A 6-h pulse with 1 mm azide did not lower the CO2 release in the dark. On the other hand, the CO2 uptake in the light was reversibly nullified by a 6-h pulse of 1 or 3 mM azide. A 6-h pulse of azide, even at 0.1 mM, eliminated CO2 uptake in light. Figure 4 also shows that a 6-h pulse of 1 mM azide equally reduced the CO2 uptake in light, irrespective of its application time.
Phase Responses of the Potassium Uptake Rhythm to Cyanide and DCMU Pulses. The phase of the rhythm was little shifted by a 6-h pulse with 3 mm cyanide or 10 gM DCMU (Fig. 5) , although those inhibitors considerably reduced the CO2 release or uptake (Fig. 6) . In addition, a large part of the potassium uptake activity of the duckweed was promptly inhibited by the cyanide or DCMU pulse (data not shown), indicating their effective action.
Effects of Cyanide and DCMU on Carbon Dioxide Uptake and Release. Figure 6 shows that 6-h applications of 3 mm cyanide reduced CO2 release in the dark by half and completely eliminated CO2 uptake in light. The residual CO2 release in the dark is probably due to cyanide-resistant respiration ( 12) . DCMU (10 Plant Physiol. Vol. 73, 1983 ,AM for 6 h) dropped the CO2 uptake in light to the dark level.
The removal of DCMU resulted in a rapid, partial recovery of the CO2 uptake activity, followed by a gradual rise to the original level. DISCUSSION In plant tissues, both azide and cyanide inhibit Cyt oxidase at rather high concentrations, i.e. 1 mm or higher (2) . In L. gibba, no potassium uptake activity was detected from medium containing as low as 10 ,uM azide ( Fig. 3; and Ref. 11), but a higher dose of cyanide (0.5-1 mM) is required to block all of the potassium uptake activity (1 1). Moreover, in contrast to cyanide that lowers the mean level of the uptake more strongly than the amplitude of the rhythm (1 1), azide tended to lower the amplitude of the potassium uptake rhythm, leaving the potassium uptake itself intact (Fig. 3) . These observations suggest that the effects of azide on the amplitude of the rhythm at lower concentrations are not explainable in terms of its inhibitory action on a target common to azide and cyanide, i.e. the terminal oxidase of electron transport.
A 6-h pulse of 1 mm azide gave a distinct type 0 PRC (Fig. 1) . The PRC for the azide pulse has the following characteristics. (a) It is very similar to the PRC for darkness or a low temperature (50C) pulse (9) . (b) The concentration of azide determines the type of PRC; type 0 PRC at higher concentrations (1-10 mM) and 1 PRC at lower concentrations (0.03-0.1 mM) (Fig. 1) . (c) The phase shift caused by a 6-h pulse was saturated at 0.3 mM of azide (Fig. 2) . Although I cannot explain these characteristics of the PRC at present, distinct phase shifting by azide pulse suggests a rather direct action ofazide on the duckweed oscillator.
In Phaseolus (13) , Mayer demonstrated that both azide and cyanide shifted the phase of the leaf movement rhythm. Eskin reported that both dinitrophenol and cyanide were effective on the phase ofAplysia eye rhythm (5). These inhibitors resulted in one-sided shift of the phase of Phaseolus or Aplysia rhythm and their effects are interpreted as a reduction of energy supply to the basic oscillator. However, in Lemna, azide was able both to advance and to delay the phase of the rhythm. This suggests that azide acted on the duckweed's oscillator through a different way.
Azide readily decreased the (photosynthetic) CO2 uptake in light. However, the following observations indicate that azide action on the oscillator is not mediated by decreased photosynthates. A 6-h pulse of 0.1 mm azide decreased the CO2 uptake to zero as did as 1 or 3 mm pulse, but the induced PRC was a weak one (type 1). DCMU (10 ,uM) , which completely inhibited the photosynthetic carbon dioxide uptake, failed to shift the phase of the rhythm (Figs. 5 and 6 ).
In spite of the remarkable action of 1 mm azide on the phase, azide did not lower the respiratory CO2 release (Fig. 4) . On the other hand, 3 mM cyanide pulse (Fig. 5) induced no phase shift, irrespective of its effective action on respiration (Fig. 6 ). Therefore, the terminal oxidase in the electron transport, i.e. a common action site of azide and cyanide, would also have nothing to do with azide action on the phase of clock.
Alternatively, azide is known to uncouple oxidative phosphorylation in mitochondria or block ATPase activity ofthe coupling factor in mitochondria (3, 14, 15) . The basic oscillator might be affected by the azide pulse through these reactions. Further examination of phase shifting by uncouplers and inhibitors of phosphorylation is currently under way.
